Phosphatidylinositol 3-phosphate [PtdIns(3)P] regulates endocytic trafficking and the sorting of receptors through early endosomes, including the rapid recycling of transferrin (Tfn). However, the phosphoinositide phosphatase that selectively opposes this function is unknown. The myotubularins are a family of eight catalytically active and six inactive enzymes that hydrolyse PtdIns(3)P to form PtdIns. However, the role each myotubularin family member plays in regulating endosomal PtdIns(3)P and thereby endocytic trafficking is not well established. Here, we identify the myotubularin family member MTMR4, which localizes to early endosomes and also to Rab11-and Sec15-positive recycling endosomes. In cells with MTMR4 knockdown, or following expression of the catalytically inactive MTMR4, MTMR4
Introduction
The endocytic pathway comprises a complex network of discrete compartments and regulates the flow and destination of internalized cargo. All internalized molecules are transported to early endosomes, which sort cargo to specific destinations. Here, signalling receptors, such as the epidermal growth factor (EGF) receptor, separate from their ligands and the receptors are delivered to late endosomes and lysosomes for degradation (Gruenberg, 2001) . Nutrient receptors that bind cargo such as transferrin (Tfn) enter early endosomes and recycle to the plasma membrane directly via a fast pathway, or return to the plasma membrane via the slow endocytic recycling compartment (Hopkins et al., 1994; Sheff et al., 1999; Hao and Maxfield, 2000; Sheff et al., 2002) .
Phosphatidylinositol 3-phosphate [PtdIns(3)P)] is constitutively synthesized on early endosomes by the class III phosphoinositide 3-kinase (PI3K) complex, hVps34/hVps15 (Christoforidis et al., 1999; Johnson et al., 2006) . PtdIns(3)P binds Hrs and Sara via their FYVE domains (Gaullier et al., 1998; Panopoulou et al., 2002) and also facilitates the endosomal recruitment of Rab5-effectors, EEA1 and Rabenosyn-5 . PtdIns(3)P regulates early endosomal fusion (Gorvel et al., 1991; McBride et al., 1999) , the rate of endosome motility along microtubules (Nielsen et al., 1999) , Tfn receptor (Tfn-R) recycling , the sorting and degradation of internalized growth factor receptors (Petiot et al., 2003; Johnson et al., 2006) , and retrograde trafficking from endosomes to the Golgi (Cozier et al., 2002; Carlton et al., 2004; Rojas et al., 2007) . PtdIns(3)P is also a substrate for the PIKfyve kinase, generating phosphatidylinositol 3,5-bisphosphate [PtdIns(3,5)P 2 ] (Ikonomov et al., 2001 ) on early or late endosomes. PtdIns(3,5)P 2 regulates vacuolar membrane homeostasis, lysosomal homeostasis and the sorting of biosynthetic cargo and proteins into the vacuolar/lyosomal lumen (Gary et al., 1998; Odorizzi et al., 1998; Dove et al., 2002; Ikonomov et al., 2002; Rutherford et al., 2006) .
The cellular levels of PtdIns(3)P and PtdIns(3,5)P 2 are tightly regulated by both the lipid kinases that synthesize these phosphoinositides and the phosphatases that hydrolyse these signals (Robinson and Dixon, 2006) . In vitro, PtdIns(3)P and PtdIns(3,5)P 2 are hydrolysed at the 3-position phosphate by the myotubularin (MTM) family of lipid 3-phosphatases to form PtdIns and PtdIns(5)P, respectively (Blondeau et al., 2000; Walker et al., 2001; Berger et al., 2002; Begley et al., 2003; Schaletzky et al., 2003) . Eight active myotubularin phosphatases have been identified, all of which contain a catalytic CX 5 R motif. In addition, six catalytically inactive myotubularins have been described that contain mutations in the CX 5 R motif (Robinson and Dixon, 2006) . Heteromeric interactions between active and non-active myotubularins enhances the lipid 3-phosphatase activity and/or subcellular localization of the catalytically active phosphatases Mochizuki and Majerus, 2003; Nandurkar et al., 2003; Robinson and Dixon, 2005; Berger et al., 2006) . The gene expressing founding family member myotubularin (MTM1) is the candidate gene mutated in X-linked myotubular myopathy, a syndrome associated with muscle weakness, hypotonia and early death (Laporte et al., 1996) . Mutations in both active and inactive myotubularin phosphatases lead to human disease. Myotubularin myopathy-related protein 2 (MTMR2) mutation is associated with Charcot-Marie-Tooth disease type 4B1, and mutation in the inactive MTMR13 leads to a similar clinical syndrome (Bolino et al., 2000; Berger et al., 2002; Azzedine et al., 2003; Senderek et al., 2003) .
The relationship between the subcellular localization and function of myotubularin phosphatases is poorly understood (Tsujita et al., 2004; Lorenzo et al., 2006) . PtdIns(3)P localizes to early endosomes and multivesicular bodies (Gillooly et al., 2000; Gillooly et al., 2003) . PtdIns(3,5)P 2 is implicated in late endosomal/lysosomal function, although early endosomal effects have also been described (Dove et al., 2009) . The evidence for the subcellular distribution of MTMs to early or late endosomal compartments is conflicting, in part due to a general problem in generating specific immunoreactive MTM antibodies (Robinson and Dixon, 2006) , so that most reports have relied on recombinant MTM overexpression to evaluate enzyme subcellular localization. Initial studies showed recombinant MTM1 localized to the cytosol (Kim et al., 2002; Laporte et al., 2002; Nandurkar et al., 2003; Schaletzky et al., 2003) ; however, more recent reports suggest that MTM1 localizes to early and/or late endosomes and regulates EGF receptor degradation (Cao et al., 2007; Cao et al., 2008) . MTM1 siRNA (short interfering RNA) knockdown blocks EGFR degradation, inhibiting the receptor trafficking from endosomes to the lysosome. MTMR2 localizes to late endosomes and also contributes to signalling EGF receptor trafficking and degradation. Recently, a little-characterized MTM, MTMR4, was localized to early endosomes on the basis of recombinant overexpression; however, MTMR4 function is unknown (Lorenzo et al., 2006) . Interestingly, a recent report has shown that MTMR4 interacts with and regulates phosphorylated RSmads in early endosomes (Yu et al., 2010) . MTMR4 contains an Nterminal PH-GRAM domain, a central myotubularin homology region (MTMHR) and a coiled-coil motif followed by a C-terminal FYVE domain (Zhao et al., 2001; Robinson and Dixon, 2006) . In MTMR3, the PH domain binds PtdIns(5)P and perhaps PtdIns(3,5)P 2 , and MTMR3 localizes to the cytosol and, under some conditions, to the endoplasmic reticulum and/or the Golgi (Walker et al., 2001; Lorenzo et al., 2005) .
The subcellular sites at which MTMs hydrolyse PtdIns(3)P and/or PtdIns(3,5)P 2 are of significant interest because this could govern PtdIns(3)P-dependent trafficking. Here, we demonstrate that MTMR4 localizes at the interface between early and recycling endosomes and regulates the sorting of endosomal cargo such as Tfn into recycling endosomes. These studies identify MTMR4 as a novel regulator of endosomal trafficking.
Results

MTMR4 localizes to early and recycling endosomes
To examine the intracellular localization of MTMR4, antibodies were generated against the MTMR4 peptide sequence (amino acids 1092-1107) located within the FYVE domain (Fig. 1A) . Affinity-purified antibodies were used to probe COS1 cells by immunoblot analysis and indirect immunofluorescence. MTMR4 anti-peptide antibodies immunoblotted a single immunoreactive species in COS1 cell lysates that migrated at ~170 kDa (see supplementary material Fig. S1A , left panel), higher than its predicted molecular mass of 130 kDa, which decreased to 130 kDa following treatment of cell lysates with alkaline phosphatase (not shown). Recombinant haemagglutinin (HA)-tagged MTMR4 also migrated at 170 kDa, as detected by HA immunoblot analysis (supplementary material Fig. S1A , right panel), suggesting phosphorylation or other post-translational modifications. The MTMR4 antibody also detected HA-MTMR4 and the isolated MTMR4 CC+FYVE domain (amino acids 1022-1175) to which the antibody was raised (not shown).
The MTMR4 antibody labelled punctate vesicles, which were reminiscent of endocytic organelles, with prominent staining in a perinuclear distribution (Fig. 1B , upper left panel, see arrow); however, faint cytosolic staining was also noted and, like other myotubularin antibodies, this antibody was not of high affinity (not shown). MTMR4 antibody staining was reduced in cells in which MTMR4 protein expression was reduced by siRNA (supplementary material Fig. S1B ). Pre-immune and peptidedepleted serum was non-reactive (Fig. 1B, upper Wild-type MTMR4 hydrolysed PtdIns(3)P, as reported (Zhao et al., 2001 ) and, although not previously shown, also hydrolysed PtdIns(3,5)P 2 (supplementary material Fig. S1C ). We next generated a catalytically inactive HA-MTMR4 C407A mutant by introduction of a cysteine to alanine mutation in the CX 5 R catalytic site (C407A) (Fig. 1A) , resulting in complete loss of MTMR4 phosphatase activity (see supplementary material Fig. S1C , lower panels). This mutation in MTM1, MTMR2 and MTMR3 functions as a dominantnegative (Blondeau et al., 2000; Taylor et al., 2000; Walker et al., 2001; Berger et al., 2002) . HA-MTMR4 C407A decorated cytosolic endocytic vesicles and showed less perinuclear distribution than wild-type MTMR4 (Fig. 1B, lower middle panel) .
We next performed colocalization of endogenous MTMR4 with endosomal markers. Endogenous MTMR4-decorated vesicles showed significant, but only partial, colocalization with early endosomal antigen (EEA1) ( Fig. 2A, top panel) . Rab11 is a small guanine triphosphate hydrolase (GTPase) that localizes to recycling endosomes, and is most concentrated at the pericentriolar recycling compartment in a juxtanuclear distribution (Ren et al., 1998) . Endogenous MTMR4 colocalized with the pericentriolar Rab11 ( Fig. 2A, bottom panel, see arrow in high magnification image) and partially with Rab11-decorated vesicles. Recombinant HA-MTMR4 colocalized in part with EEA1 ( Fig. 2Ba) , with the EEA1-derived PtdIns(3)P probe GFP-FYVE and with the early endosomal Rab5 GTPase (GFP-Rab5) (Fig. 2Bb,c) . HA-MTMR4 colocalized partially with GFP-Rab5 and GFP-Rab4, particularly in the perinuclear region (supplementary material Fig. S2A,B) . Using live-cell imaging, we also demonstrated that YFP-MTMR4 colocalized with Alexa Fluor 568-Tfn (A568-Tfn) within the first 5 minutes of Tfn loading, consistent with early endosomal localization (supplementary material Fig. S2C ). However, HA-MTMR4 exhibited greater overlap with recycling endosomal markers, including GFP-Rab11, both in the perinuclear region and on vesicles (Fig. 2Bd) . The exocyst component Sec15 is a recycling endosomal protein and interacts with Rab11 (Zhang et al., 2004) . HA-MTMR4 exhibited significant colocalization with XpressSec15 (Fig. 2Be) .
Next, we evaluated the distribution of HA-MTMR4 C407A and revealed a similar colocalization as found for wild-type MTMR4, with partial colocalization with EEA1, recombinant GFP-FYVE and GFP-Rab5 (supplementary material Fig. S3A-C) , but more significant colocalization with GFP-Rab11 (supplementary material Fig. S3D ) and Xpress-tagged Sec15 (supplementary material Fig.  S2E ). HA-MTMR4 (supplementary material Fig. S2E ) and HA-MTMR4 C407A (not shown) did not colocalize with the tagged 3073 MTMR4 regulates endosomal sorting mannose 6-phosphate receptor (GFP-M6PR), which trafficks between the Golgi and late endosomes (supplementary material Fig. S2E ), or with the Golgi-resident proteins p230grip and TGN-46 (not shown). Thus, MTMR4 is found on both early and recycling endosomes. HA-MTMR4 also exhibited some colocalization with late endosomal markers such as LAMP-2 (supplementary material Fig. S2D ).
The relative distribution of MTMR4 to early and recycling endosomes was determined by analysis of the degree of colocalization of HA-MTMR4 or HA-MTMR4 C407A with endogenous EEA1 and with the PtdIns(3)P probes GFP-FYVE (derived from EEA1) and 2×FYVE (derived from the endosomal protein Hrs), versus colocalization with GFP-Rab11 (Fig. 2C ). This analysis showed that ~20% of MTMR4-or MTMR4 C407A -positive vesicles colocalized with vesicles labelled with EEA1, GFP-FYVE or GFP-2×FYVE, and that 60% colocalized with GFP-Rab11-labelled compartments. Therefore, MTMR4 might localize at the interface of the peripheral early endosome and the Rab11-enriched recycling compartment.
Constructs encoding individual domains for the MTMR4 PH, FYVE or CC+FYVE domains versus MTMR4 mutants lacking the PH (⌬PH) or FYVE (⌬FYVE) domains were generated and expressed intact in COS1 cells (supplementary material Fig. S4 ). The PH domain localized diffusely in the cytosol, the plasma membrane, the nucleus and actin stress fibres, colocalizing at this latter site with phalloidin-stained F-actin (supplementary material Fig. S5A ). MTMR4 (⌬PH) localized to enlarged 'ring like' vesicles (supplementary material Fig. S5B ). Therefore, the PH domain does not mediate endosomal localization on its own. HA-FYVE labelled the plasma membrane, cytosol and nucleus, and was detected only faintly on cytosolic vesicles (supplementary material Fig. S5C ). HA-CC+FYVE localized intensely to endosomal vesicles, suggesting that both the coiled-coil and FYVE domains are required for efficient MTMR4 targeting to endosomes (supplementary material Fig. S5D ). However, this construct did not colocalize with EEA1-positive endosomes or Rab11-positive endosomes at the pericentriolar compartment (supplementary material Fig. S5D ). HA-⌬FYVE localized in a perinuclear distribution to a compartment displaying some tubularization, which overlapped intensely with Rab11 staining, consistent with the contention that the pericentriolar targeting domain lies outside the FVYE domain (supplementary material Fig. S5E ). Therefore, no individual domain targets MTMR4 to early or recycling endosomes, rather multiple domains (including the FYVE and coiled-coil domains) contribute to MTMR4 endosomal localization.
Rab5 regulates endosome motility, early endosome fusion and clathrin-coated vesicle formation (Lawe et al., 2002; Smythe, 2002) . Interestingly, rapalogue-induced MTM1 recruitment to Rab5-positive endosomes, but not expression of untargeted MTM1, leads to significant early endosomal tubularization (Fili et al., 2006) . To determine whether MTMR4 could regulate Rab5-endosomal tubularization, we monitored GFP-Rab5-decorated endosomes in live cells using time-lapse imaging (not shown). However, no change in the morphology of Rab5-positive endosomes was detected in cells overexpressing MTMR4, which suggests that MTMR4 is either not sufficiently directed to Rab5-positive endosomes, and/or was not overexpressed at sufficiently high levels. Overexpression of the GTPase-deficient Rab5 mutant, Rab5Q79L, leads to the enlargement of early endosomes, resulting from enhanced homo-and heterotypic fusion (Barbieri et al., 1996) . We noted that when Rab5Q79L was expressed, HA-MTMR4, and
HA-MTMR4
C407A exhibited colocalization with dilated early endosomes (Fig. 3A) .
Rab11S25N is a GDP-locked mutant that localizes to the cytosol rather than to recycling endosomes, as GTP hydrolysis is required for the recruitment of Rab11 and its effectors to endosomal membranes (Wilcke et al., 2000) . In cells overexpressing Rab11S25N, HA-MTMR4 and HA-MTMR4 C407A exhibited more cytosolic localization with decreased perinuclear endosomal localization, suggesting that MTMR4 is recruited in part to recycling endosomes by active Rab11 (Fig. 3B ). The recycling endosomal compartment is involved in receptor and lipid recycling (Hopkins and Trowbridge, 1983; Nichols et al., 2001) and is clustered around the centrosome, in a pericentriolar distribution, where in many cells it is tightly associated with the microtubule organising centre (MTOC) (Maxfield and McGraw, 2004) . We noted that, following nocodozole treatment, the MTOC collapsed and microtubules dispersed, as demonstrated by co-staining with anti--tubulin (not shown). This result correlates with cytosolic redistribution of HA-MTMR4-and HA-MTMR4 C407A -decorated vesicles away from the perinuclear pericentriolar area (supplementary material Fig. S6 ). In control untreated cells, MTMR4 perinuclear staining overlapped tubulin staining of the MTOC (not shown). These results are consistent with the contention that MTMR4 localizes to microtubule-tethered vesicles that interface between early endosomes and the pericentriolar recycling endosomal network.
MTMR4 regulates the number of PtdIns(3)P-decorated endosomes
MTM1 regulates PtdIns(3)P levels on early endosomes, and MTMR2 degrades PtdIns(3)P on late endosomes (Cao et al., 2008) . We next examined whether MTMR4 regulates PtdIns(3)P levels and/or distribution on early or recycling endosomes. We used two experimental approaches to investigate this issue, both generating complementary findings. COS1 cells overexpressing wild-type or inactive MTMR4, or HeLa cells with siRNA-MTMR4 knockdown were fixed, digitonin-permeabilized and probed with recombinant purified GST-2ϫFYVE to detect PtdIns(3)P as described (Gillooly et al., 2000) . HA-MTMR4 decreased the total cell PtdIns(3)P (bỹ 25%), relative to adjacent mock-transfected cells (Fig. 4A,C) . By contrast, MTMR4
C407A increased total cell GST-2ϫFYVE staining by ~1.4-fold (Fig. 4A,C) . At higher magnification, we noted an increase in the number of GST-2ϫFYVE-labelled vesicles (Fig.  4A , lower panel, far right) in MTMR4
C407A -expressing cells. Interestingly, under these conditions we could only show colocalization of GST-2ϫFYVE-decorated vesicles with EEA1-positive early endosomes, but not with GFP-Rab11-labelled recycling endosomes (Fig. 4B ). In addition, not all EEA1-positive vesicles exhibited PtdIns(3)P colocalization, consistent with reports that PtdIns(3)P is required for EEA1 recruitment, but not its maintenance on endosomes (Fili et al., 2006) .
HeLa cells were transiently transfected with siRNA oligonucleotides directed towards MTMR4, or with a negative control sequence (control siRNA). About 60% knockdown of MTMR4 was demonstrated by RT-PCR analysis (Fig. 4D) . MTMR4 knockdown had no discernible effect on early endosome morphology, as assessed by EEA1 staining (Fig. 4E , lower left panel). The total cellular fluorescence of GST-2ϫFYVE staining, normalized to the cell area, was significantly increased in MTMR4 knockdown cells compared to control knockdown cells (Fig. 4F) . Because similar increases in endosomal PtdIns(3)P levels were observed both in MTMR4 knockdown cells and following expression of MTMR4
C407A
, it is probable that the latter construct functions as a dominant negative. We next evaluated whether the increased GST-2ϫFYVE staining in MTMR4 knockdown cells was due to an increase in PtdIns(3)P on each endosome and/or an increase in the number of PtdIns(3)P-decorated endosomes. The number of endosomes that were positive for GST-2ϫFYVE staining per cell, normalized to the cell area, was scored as a marker of PtdIns(3)P-positive endosomes and revealed a significant increase in MTMR4 knockdown cells (Fig. 4G) . However, the average intensity of PtdIns(3)P per endosome, normalized to the endosome area, was not changed, as determined by the mean GST-2ϫFYVE fluorescence intensity per cell (Fig. 4H) . These results suggest that MTMR4 controls PtdIns(3)P levels on a subset of endosomes. Under basal conditions, in which MTMR4 is expressed at normal levels, it is probable that this PtdIns(3)P pool is not be detectable using the experimental methods described here and that it is only upon expression of MTMR4 dominant-negative constructs, or following MTMR4 knockdown, that PtdIns(3)P on these endosomes becomes more apparent. We also demonstrated similar findings when cells expressing MTMR4 constructs or siRNA were co-transfected with GFP-FYVE and examined in either fixed cells by fluorescence microscopy or by live-cell imaging (not shown). In addition, there was no difference in the colocalization between PtdIns(3)P and Rab11-decorated vesicles, as detected in MTMR4 RNAi-depleted cells by GFP-Rab11 and mCherry-2ϫFYVE colocalization. Time-lapse imaging showed that approximately 10% of GFP-Rab11-labelled recycling endosomes transiently interacted with mCherry-2ϫFYVE, but this did not change following MTMR4 knockdown (not shown). Therefore, MTMR4 regulates PtdIns(3)P on a subset of endosomes.
MTMR4 regulates Tfn sorting into recycling endosomes
Recycling of Tfn or lipids that have passed through early/sorting endosomes can occur either via a fast pathway or through a second compartment (Rab11-positive perinuclear recycling endosomes) in a slower cycle (Hopkins et al., 1994; Sheff et al., 1999; Hao and Maxfield, 2000; Sheff et al., 2002) . PI3K inhibition using wortmannin does not impair Tfn internalization; however, Tfn recycling is significantly reduced (Martys et al., 1996; Shpetner et al., 1996; Spiro et al., 1996) . The bulk of Tfn returns rapidly from the early endosome to the plasma membrane in a PI3K-dependent manner via the fast pathway (Hunyady et al., 2002; van Dam et al., 2002; Zhao and Keen, 2008) . Although the recycling of the Tfn-R has been characterized extensively, the molecular mechanisms that regulate receptor trafficking through early and recycling endosomes are still emerging (Brown et al., 1995; Gaullier et al., 1999; Odorizzi et al., 2000; Sonnichsen et al., 2000; van Dam and Stoorvogel, 2002) . Because MTMR4 associates with both early and recycling endosomes, we examined the recycling of Tfn-R in cells with altered MTMR4 expression using Texas-Red-labelled Tfn (TR-Tfn) uptake and pulse-chase experiments as described (Simpson et al., 2004) . After 5 minutes of uptake, TR-Tfn localized to vesicles scattered throughout the cytoplasm in both empty vector and MTMR4-expressing cells, suggesting that MTMR4 does not regulate Tfn uptake. In vector controls, TR-Tfn localized in a perinuclear distribution after 20 minutes chase, but by 40 minutes only a faint signal was evident, which indicates its clearance from the cell (Fig. 5A) . HA-MTMR4 expression increased TR-Tfn accumulation in vesicles and in the perinuclear area at 20 minutes, which was still apparent at the 40 minute chase period. By contrast, in cells expressing HA-MTMR4 C407 , Tfn rapidly cleared within 40 minutes (Fig. 5A) . The related homologue, MTMR3, did not affect Tfn recycling, which suggests a unique function for MTMR4 (Fig.  5A ). Internalized Tfn was quantified over a 90 minute pulse chase, revealing that MTMR4 significantly inhibited Tfn recycling, whereas MTMR3 had no effect (Fig. 5A,B) . To examine whether HA-MTMR4 C407A acts as a dominant-negative construct, shorter time courses were evaluated. At 5 and 10 minutes, HA-MTMR4 C407A -expressing cells showed significantly less Tfn in the cell relative to vector-controls, suggesting accelerated recycling, (Fig. 5C) . Interestingly, expression of various truncation mutants of MTMR4, which do not localize as wild-type MTMR4, (supplementary material Figs S4 and S5) did not significantly alter Tfn recycling, suggesting that the correct localization of MTMR4 is required for its function (Fig. 5D) .
We also examined Tfn trafficking in MTMR4 siRNA HeLa cells using fluorescently labelled Tfn uptake, or using biotinylated transferrin (biotin-Tfn) together with avidin/horse radish peroxidise blot analysis (see Materials and Methods) (supplementary material Fig. S7 ). Under steady-state conditions, in cells treated with MTMR4 siRNA but not with control siRNA, Tfn loading into the cell was reduced by ~20% as assessed by immunofluorescence or by analysis of biotin-Tfn, although this was not statistically significant using biotin-Tfn (supplementary material Fig. S7A ). The decrease in cellular Tfn loading at steady state in MTMR4 knockdown cells was specific for the clathrinmediated endocytic pathway because we detected no alteration of the loading of the fluid phase marker dextran, a process that includes macropinocytosis (supplementary material Fig. S7B ). PI3K activity is required for Tfn recycling but not for Tfn uptake into cells (Martys et al., 1996; Shpetner et al., 1996; Spiro et al., 1996) . The decreased Tfn loading was corrected by inhibition of PI3K activity by LY294002 treatment, suggesting subtle changes in recycling of Tfn in MTMR4 knockdown cells under steadystate conditions (supplementary material Fig. S7C ). However, analysis of the recycling of Tfn by pulse-chase experiments by either live-cell imaging of fluorescently labelled Tfn (supplementary material Fig. S7D, left panel) , or by biotin-Tfn avidin/horse radish peroxidise blots (Fig. S7D, right panel) , showed no significant differences between MTMR4 and control knockdown cells. Therefore, knockdown of MTMR4 alone is insufficient to regulate Tfn recycling from early endosomes to the plasma membrane, and other MTMs might contribute, given that expression of the dominant-negative MTMR4 construct results in accelerated Tfn recycling. Changes in Tfn loading at steady state could be caused by changes in Tfn-R expression on the cell surface or by changes in total cellular receptor levels. However, no difference in the levels of Tfn-R on the surface of MTMR4 siRNA cells as compared with control siRNA cells was apparent when surface receptor levels were assessed (supplementary material Fig. S8, middle panel) . Immunoblot analysis revealed a 20% reduction in the total cellular levels of the receptor; however, this was not statistically significant (supplementary material Fig.  S8, lower panel) .
To evaluate whether MTMR4 expression regulates Tfn transit from early endosomes, we colocalized internalized TR-Tfn with EEA1. In vector controls at early time points, TR-Tfn was concentrated in early endosomes, as shown by its colocalization with EEA1. However, after a 10 minute chase TR-Tfn exited this compartment (Fig. 6A , left panels and Fig. 6B ). By contrast, ~75% of vesicles were positive for both EEA1 and TR-Tfn for the entire 90 minute chase period in MTMR4-expressing cells (Fig. 6A , right panels and Fig. 6B ). Therefore, MTMR4 regulates the exit of cargo from early endosomes into recycling pathways.
We also examined the distribution of Tfn-R, a marker of peripheral early and perinuclear recycling endosomes, in cells overexpressing MTMR4. Cells were co-transfected with XpressTfn-R and either HA-MTMR4 or empty vector, and then depleted of endogenous Tfn by serum-starvation. Pulse-chase experiments using TR-Tfn were then performed. Prior to the initiation of recycling (time zero), Xpress-Tfn-R exhibited a cytosolic and vesicular distribution regardless of the MTMR4 construct expressed (not shown). After 40 minutes recycling, Xpress-Tfn-R accumulated in the perinuclear recycling compartment and colocalized with TR-Tfn (Fig. 6C upper panels) in cells expressing empty vector. However, at the same time point, in cells expressing wild-type HA-MTMR4, we noted that TR-Tfn did not colocalize significantly with Tfn-R (Fig. 6C, lower panels) and that the receptor exhibited a more diffuse distribution. In addition, we noted a striking enlargement of HA-MTMR4-decorated vesicles 3077 MTMR4 regulates endosomal sorting ( Fig. 6C, arrows) , which colocalized with Xpress-Tfn-R in a subpopulation of vesicles. Therefore, MTMR4 regulates the trafficking of Tfn and its receptor through early endosomes.
MTMR4 expression affects the cellular distribution of recycling endosomes
Receptors can be recycled in two ways, either by a fast pathway via peripheral early endosomes marked with Rab4, or alternatively by a slow perinuclear recycling compartment marked with Rab11 (Daro et al., 1996; Ullrich et al., 1996; Sonnichsen et al., 2000) . We next investigated whether MTMR4 altered the steady-state distribution of markers of the slow recycling endosomal compartment, which concentrate in the perinuclear Rab11-positive recycling compartment, by examining the distribution of GFPRab11 (Fig. 7) . In MTMR4 RNAi knockdown cells we noted dispersal of the GFP-Rab11-positive recycling compartment from its normal juxtanuclear position into a larger more diffuse localization, suggesting its redistribution. The area of perinuclear GFP-Rab11 was evaluated relative to the nuclear area of the same cell, revealing a twofold increase in MTMR4 siRNA knockdown cells, relative to siRNA control cells (Fig. 7B) . We also investigated whether MTMR4 expression regulated the tubulation of Rab11-positive vesicles, but could show no consistent differences when this was assessed in fixed cells, or by live-cell imaging in MTMR4 knockdown cells that coexpressed GFP-Rab11 (not shown).
VAMP3, also called cellubrevin (Ceb or Cb) (McMahon et al., 1993; Galli et al., 1994) , is a vesicular (v-) R-SNARE protein that regulates the recycling of plasma membrane receptors, including Tfn-R and Glut-4 (Galli et al., 1994; Breton et al., 2000; Polgar et al., 2002; Borisovska et al., 2005; Murray et al., 2005) . VAMP3 is enriched on recycling endosomes. GFP-VAMP3 has been used experimentally as a marker of trafficking from the endocytic recycling compartment to the plasma membrane (Galli et al., 1994; Breton et al., 2000; Polgar et al., 2002; Borisovska et al., 2005; Murray et al., 2005) . To further analyse the role that MTMR4 plays in regulating the recycling compartment, GFP-VAMP3 was co-expressed with HA-vector, HA-MTMR4 or HA-MTMR4
C407A
. In control studies, these experiments were also undertaken in cells expressing mCherry-p230grip, a Golgi marker. At all times, GFP-VAMP3 exhibited a distinct perinuclear localization to this Golgi marker (not shown), consistent with its localization to the pericentriolar recycling compartment. Cells were imaged live to evaluate GFP-VAMP3 distribution (Fig. 7C) . In vector controls, GFP-VAMP3 was detected prominently in a perinuclear distribution, consistent with the endocytic recycling compartment, but was also detected on cytoplasmic vesicles (Fig. 7C, left hand  panel) . However, in cells expressing MTMR4, GFP-VAMP3 was confined to a perinuclear distribution, and cytoplasmic VAMP3-coated vesicles were less apparent (Fig. 7C, middle panel) . By contrast, in cells expressing MTMR4 C407A (Fig. 7C , right hand panel), VAMP3 was more prominent on peripheral cytoplasmic vesicles with reduced perinuclear distribution, and at the plasma membrane (Fig. 7C, arrows) . Interestingly, we noted a mild dilation of VAMP3-positive endosomes in cells expressing HA-MTMR4; however, this dilation was more profound in cells expressing HA-MTMR4 C407A (Fig. 7C, see arrowheads) . Therefore, MTMR4 restrains the movement of the endocytic recycling compartment towards the cell periphery.
Discussion
Resident early endosomal PtdIns(3)P is required for the recycling of Tfn from the EEA1-positive endosomal compartment and its rapid return to the plasma membrane . However, to date the lipid phosphatase that selectively regulates 3078 Journal of Cell Science 123 (18) this pool of PtdIns(3)P has not been identified. This study shows that MTMR4 localizes to both early and recycling endosomes and regulates the exit of Tfn into recycling pathways. In cells overexpressing MTMR4, the recycling of Tfn was severely impaired and Tfn was trapped in early endosomes. Furthermore, MTMR4 also regulated the distribution of the endocytic recycling compartment. MTMR4 expression or knockdown resulted in redistribution of Rab11-and VAMP3-decorated endosomes. Therefore, the study reported here identifies MTMR4 as a novel regulator of endosomal sorting from early endosomes into recycling pathways.
Several previous studies have localized recombinant MTMR4, with one report describing its localization to early endosomes when overexpressed in HeLa cells (Lorenzo et al., 2006) . A recent study described MTMR4 in complex with Nedd4, and recombinant MTMR4 colocalization with Rab7 and Tfn (Plant et al., 2009) . We have demonstrated here that both endogenous and recombinant MTMR4 localize to early endosomes, and have also revealed the novel findings that MTMR4 also decorates recycling endosomes and concentrates in the juxtanuclear recycling compartment. Tfnenriched vesicles interact only transiently with EEA1-decorated endosomes, in contrast to EGF, which is incorporated and retained in EEA1-decorated endosomes (Leonard et al., 2008) . Tfncontaining vesicles rapidly disassociate from early endosomes and localize to a juxtanuclear compartment, the site at which we detect the highest MTMR4 localization.
PtdIns(3)P is required for early endosome fusion, motility of vesicles along microtubules and Tfn recycling (Gorvel et al., 1991; McBride et al., 1999; Nielsen et al., 1999; van Dam et al., 2002) . Several studies have shown that the MTM phosphatases control only a modest 10-20% of PtdIns(3)P total cellular levels, on the basis of overexpression studies using MTM1 (Taylor et al., 2000; Tronchere et al., 2004) . Moreover, examination of three myoblast cell lines derived from individuals with X-linked myotubular myopathy, a genetic disorder in which MTM1 is mutated, revealed no detectable differences in endosomal PtdIns(3)P using the GST-2×FYVE probe (Biancalana et al., 2003; Tronchere et al., 2004) . Distinct MTMs might concentrate at discrete subcellular sites to degrade PtdIns(3)P on specific microdomains within the endosomal network, rather than degrade the total cellular levels of PtdIns(3)P levels per se (Laporte et al., 1996; Taylor et al., 2000; Tronchere et al., 2004) . We have shown here that MTMR4 expression decreased PtdIns(3)P levels on endosomes. Conversely, MTMR4 siRNA knockdown or dominantnegative MTMR4 expression increased the number of PtdIns(3)Pdecorated endosomes, rather than increasing the level of PtdIns(3)P on each endosome. Therefore, MTMR4 might control PtdIns(3)P levels on a subset of endosomes that regulate Tfn exit from early endosomes into recycling pathways, and that might express PtdIns(3)P at very low levels that are beyond the limits of current experimental detection.
Despite the localization of MTMR4 to recycling endosomes and an increase in PtdIns(3)P-decorated vesicles in MTMR4 knockdown cells or following expression of dominant-negative MTMR4, the majority of PtdIns(3)P-decorated endosomes showed colocalization with EEA1, but not Rab11. There is little evidence that PtdIns(3)P localizes to or functions at the pericentriolar juxtanuclear recycling compartment (Gillooly et al., 2000) . PtdIns(3)P might be expressed at low levels on recycling endosomes, beyond the limits of detection of current experimental techniques. We could find only one report of PtdIns(3)P localization on Rab11-positive endosomes, albeit at low levels (Shin et al., 2005) . In the Shin et al. study, approximately 20% of Rab11-positive endosomes showed overlap with GFP-2×FYVE staining, used as a marker for PtdIns(3)P; however, these endosomes were also positive for Rab4, which suggests that they represent sorting endosomes. This is consistent with our observations that in HeLa cells ~10% of Rab11-positive endosomes interacted with PtdIns(3)P-decorated endosomes. Although early endosomes and the sorting and recycling endosomes have distinct functions, the transition from one to another can overlap and this could include the transition of PtdIns(3)P-decorated early endosomes to sorting and recycling endosomes.
The progression from Rab5-to Rab4-to Rab11-positive endosomes is required for Tfn-R and Tfn recycling (Sonnichsen et al., 2000) . At steady state, internalized Tfn resides in early endosomes and the endocytic recycling compartment occupying a juxtanuclear position in many cells (Maxfield and McGraw, 2004) . Targeting of MTM1 to Rab5-enriched early endosomes results in extensive tubulation of Rab5-positive endosomes and delayed the exit of Tfn from early endosomes (Fili et al., 2006) , although whether endogenous MTM1 functions to regulate these events is unknown. As reported here, expression of wild-type MTMR4 3079 MTMR4 regulates endosomal sorting arrested Tfn sorting in early endosomes, correlating with reduced early endosomal PtdIns(3)P. However, our studies (unlike those reported using Rab-5 directed MTM1) did not require specific targeting of MTMR4 to endosomes. Therefore, by regulating a specific pool of PtdIns(3)P on early endosomes, MTMR4 might control the entry of Tfn into the recycling pathway. Consistent with this, we noted that under steady-state conditions the total levels of Tfn in MTMR4 knockdown cells was slightly decreased (~20%). This phenotype was corrected by PI3K inhibition, suggesting accelerated recycling in these cells. However, we were unable to demonstrate using pulse-chase experiments that MTMR4 knockdown affected Tfn recycling, despite observations that dominant-negative MTMR4 accelerated recycling. These results suggest that other MTMs might contribute with MTMR4 to regulating Tfn recycling, or that the degree of knockdown of MTMR4 that we were able to achieve (~60%) was insufficient to negate all MTMR4 function.
To further investigate the recycling endosomal network, we examined Rab11 and VAMP3 distribution. There is some evidence that the endocytic recycling compartment provides a local pool of intracellular receptors for rapid delivery to the cell surface (Szekeres et al., 1998; Lin et al., 2000; Park et al., 2004) . For example, Rab11 regulates protein transport from the endocytic recycling compartment to the trans-Golgi network and the plasma membrane (Wilcke et al., 2000) . We noted a redistribution of Rab11-decorated endosomes from the juxtanuclear recycling compartment in MTMR4 siRNA-depleted cells, which suggests that MTMR4 affects either the entry of Rab11-positive vesicles from sorting endosomes into the endocytic recycling compartment or, alternatively, that it regulates the exit. Expression of dominantnegative MTMR4 was associated with the redistribution of GFP-VAMP3 from the endocytic recycling compartment, whereas overexpression of MTMR4 inhibited release. This is consistent with the contention that this lipid phosphatase regulates the intracellular distribution of the recycling compartment. MTMR4 degradation of PtdIns(3)P might regulate vesicle motility and/or fusion, by reducing effector recruitment to endosomes. Following MTMR4 knockdown or upon expression of dominant-negative MTMR4, our results suggest that localized increases in PtdIns(3)P might drive endosomes to the cell periphery away from the pericentriolar recycling compartment.
Similar to the other MTMs, we have shown here that MTMR4 hydrolyses PtdIns(3,5)P 2 to form PtdIns(5)P. However, it seems unlikely that MTMR4 degradation of PtdIns(3,5)P 2 regulates Tfn sorting. Expression of dominant-negative PIKfyve K1831E , or PIKfyve protein knockdown in mammalian cells, does not affect receptor internalization, Tfn recycling or receptor trafficking to lysosomes (Ikonomov et al., 2003; Rutherford et al., 2006) . In mammalian cells, PIKfyve RNAi-mediated knockdown impairs early endosome-to-TGN traffic and potentiates exocytosis of neurosecretory vesicles (Rutherford et al., 2006; Osborne et al., 2008) . However, we found that MTMR4 expression did not alter retrograde trafficking from early endosomes to the Golgi, as shown by the normal retrograde trafficking of cholera toxin from early endosomes to the Golgi (see supplementary material Fig. S9 ). Furthermore, MTMR4 expression did not alter the subcellular distribution of mannose 6-phosphate receptor and/or its levels.
In summary, this study has identified a lipid phosphatase, MTMR4, that contributes to cargo selection for recycling, revealing specificity in MTMR4 localization in relation to its function at the interface between early and recycling endosomes.
Materials and Methods
General reagents and vectors
Restriction and DNA-modifying enzymes were from New England Biolabs (Beverly, MA), Fermentas (Hanover, MD), or Promega (Madison, WI). GFP-FYVE (EEA1) and 
Mammalian expression plasmids
Full-length MTMR4 cDNA was amplified from pcDNA3 vector (a gift from Runxiang Zhao, Department of Medicine, Vanderbilt University, Nashville, TN) and cloned into the Kpn1 site of HA-tagged mammalian expression vector pCGN. The MTMR4 C407A construct was generated by site-directed mutagenesis (Quickchange, Stratagene). The MTMR4 PH domain (amino acids 25-125), FYVE domain (amino acids 1109-1175), CC+FYVE (amino acids 1022-1175), ⌬PH (amino acids 125-1175) and ⌬FYVE (amino acids 1-1109) constructs were generated by PCR amplification, and subcloned into pCGN. Correct insertion into vector, and fidelity of insert sequence was confirmed by Big-Dye Terminator DNA sequencing.
Antibodies and protein expression
Two New Zealand White rabbits were immunized with the MTMR4 peptide ( 1092 CLEASWEPVDKKETE 1107 C) conjugated via the terminal cysteine to diphtheria toxoid. Serum was purified on an immunopeptide-coupled thiopropyl-Sepharose 6B resin. Monoclonal -tubulin and Xpress antibodies were from Invitrogen. Other products used were monoclonal HA antibody (Silenus, Melbourne, Australia); polyclonal HA antibody (Clontech, CA); monoclonal FLAG antibody (Sigma); polyclonal GST antibody, anti-Tfn-R and Rab11 antibody (Zymed Laboratories, South San Francisco, CA); phalloidin and Alexa-Fluor-488-conjugated and AlexaFluor-594-conjugated secondary antibodies (Molecular Probes, Eugene, OR); mouse early endosomal antigen (EEA1) antibody (Cytostore, Calgary); and anti-CD71 (BD Pharminogen). Recombinant GST-2ϫFYVE protein was expressed and purified as described (Furutani et al., 2006) . Cell lysates for immunoblot analysis were harvested in 50 mM Tris pH 8, 150 mM NaCl, 1% Triton X-100, 2 mM EDTA, 1 mM benzamadine, 2 mM phenylmethylsulfonylfluoride, 2 g/ml leupeptin and 2 g/ml aprotinin for 1 hour, and pelleted by centrifugation into Triton-soluble and Tritoninsoluble fractions.
Cell culture, transient transfections, microscopy and image analysis
COS1 and HeLa cells were cultured in Dulbecco's modified Eagle's medium (DMEM), with 100 U/ml penicillin/streptomycin, 2 mM glutamine and either 5% or 10% fetal calf serum (FCS) (CSL Biosciences, Parkville, Australia), respectively, and transfected using DEAE-dextran chloroquine. HeLa cells were transfected with Fugene 6 reagent (Roche, Switzerland) or lipofectamine LTX (Invitrogen). For confocal microscopy, transfected cells were grown on coverslips and allowed to recover for 24-48 hours, fixed with 3% paraformaldehyde, permeabilized with 0.1% Triton X-100, and blocked in 1% BSA (in PBS). Monoclonal anti-HA (1:1000), polyclonal HA (1:200), anti-EEA1 (1:50), anti-Xpress (1:1000), anti-Rab11 (1:20), and anti-MTMR4 (1:10) were incubated for 1 hour at room temperature (RT). GST-2ϫFYVE staining was an adaptation of a published method (Gillooly et al., 2000) . Cells were fixed with 3% PFA (10 minutes), permeabilized with 40 g/ml digitonin in 3% BSA (30 minutes), blocked (30 minutes) in 3% BSA, and incubated with 5 g/ml GST-2ϫFYVE in 3% BSA (30 minutes). After washing, cells were stained with GST antibodies and Alexa-Fluor-488-conjugated and Alexa-Fluor-594-conjugated secondary antibodies (1:700). Coverslips were washed three times with PBS and mounted onto glass slides by using Slowfade Gold reagent (Invitrogen). Single-plane or stacked images were obtained using a Leica TCS-NT Krypton confocal microscope and a 40ϫ oil (NA 0.85) or 100ϫ oil (NA1.4) immersion objective.
Live-cell imaging was conducted on a wide-field Leica AF6000LX system using a 63ϫ water objective (NA 1.2) or an Olympus FV1000 confocal microscope using 100ϫ oil immersion objective (NA 1.4), or on a Leica SP5 confocal microscope using 40ϫ oil objective (NA 1.25). Immediately before the experiment, medium was replaced with DMEM supplemented with 25 mM HEPES and 0.5 g/l bicarbonate, pH 7.4. Cells were maintained at 37°C and imaged over the time-course in a 5% CO 2 humidified chamber at 37°C.
Single-plane confocal images were analysed using AnalySIS software (Olympus Soft Imaging). The thresholded MTMR4-positive pixels that colocalized with the thresholded pixels of each marker protein were quantified and represented as the percentage of total MTMR4 pixels. All pixels with intensity above 100 were counted from a 0-255 8-bit image. Colocalization was detected as yellow (green + red) pixels in the merged images. All other image analyses utilized ImageJ software (v1.41 ImageJ, US NIH, Bethesda, MD, http://rsb.info.nih.gov/ij /, 1997-2008) .
Endosomal GST-2×FYVE signal was distinguished using the threshold function; within independent experiments a constant threshold was applied to both the knockdown and control conditions. Total and mean fluorescence values were recorded as the integrated density and mean of thresholded images, respectively. Images were converted to a binary image and watershed applied. The number of individual GST-2×FYVE endosomes per cell was determined using a cut-off particle size of 9 pixels (0.07 m 2 ). Total fluorescence and endosomal number per cell were normalized to the area per cell determined by freehand tracing of the cell boundary. Mean endosomal fluorescence was normalized to the area of the fluorescent endosomal signal within cells. The perinuclear distribution of GFP-Rab11 was examined live (AF6000LX) by imaging a Z-stack as maximum projection. The area of perinuclear signal boundaries was expressed as a ratio of the nuclear area.
RNAi knockdown of MTMR4
Validated MTMR4 RNA oligonucleotides (catalogue #AM51333/ID104747) or control sequence #1 (catalogue #AM4635) were labelled with Cy3 fluorophore (Ambion, Austin, TX). HeLa cells were transfected with 25 pmol siRNAs in 24-well, or 80 pmol in six-well dishes, using Lipofectamine 2000 (Invitrogen). In these experiments, the control sequence was All Stars (Qiagen). At 24 hours post-siRNA transfection, cells were transfected with DNA constructs. At 48 hours post-RNA transfection, cells were harvested or processed for immunofluorescence. RNA was extracted using the RNEASY Mini Kit (Qiagen) and used for RT-PCR (Quantitect Sybr Green RT-PCR kit, Qiagen) using Hs MTMR4 and GAPDH reference gene primers (Qiagen). The 20 l reactions contained 2.5-4 ng/l RNA and 20 pmol of each primer. Reactions were conducted in triplicate in a Rotorgene 3000 Real-Time PCR cycler (Corbett). Relative MTMR4 expression was calculated using the ⌬⌬Ct method (Ct, cycle threshold) (Dussault and Pouliot, 2006) .
Lipid phosphatase assays
Cells were lysed in 10 mM HEPES, 10 mM KCl, 0.1 mM EDTA, 1 mM DTT, 0.1 mm Na 3 VO 4 , and 0.2% NP-40, then incubated with HA antibodies (Covance) plus protein-A-coated Sepharose beads overnight at 4°C. Cells were then washed four times in 10 mM HEPES pH 8, 10 mM KCL, 0.1 mM EDTA, 0.2% NP-40, Roche complete mini protease cocktail inhibitor tablet, and then twice in 50 mM ammonium acetate, pH 6 and assayed using di-C8-NBD fluorescent phosphoinositides (Echelon Research Laboratories) according to Taylor and Dixon (Taylor and Dixon, 2004) . Reaction products were resolved by thin layer chromatography on silica gel and visualized by UV light.
Tfn recycling assays
For immunofluorescence-based assays, COS1 cells were transfected with XpressTfn-R and HA-MTMR4, HA-MTMR4 C407A , HA-vector or FLAG-MTMR3. At 24 hours post-transfection, cells were serum-starved overnight and incubated with 20 g/ml TR-Tfn for 50 minutes at 37°C, washed three times with ice cold PBS, and then left on ice (0 time point) or incubated with chase medium containing 200 g/ml of unlabelled human holo-Tfn at 37°C, as described (Lindsay and McCaffrey, 2002) . At the indicated times, cells were washed three times with ice-cold PBS and then fixed. Laser attenuation settings were constant for all experiments. The mean (n10-20 cells) fluorescence intensity was measured for each condition, and expressed as a percentage of the mean fluorescence intensity of cells fixed immediately after TRTfn internalization (time 0 minutes).
Live-cell imaging of Tfn recycling in HeLa cells treated with MTMR4 siRNA or control siRNA was performed on an SP5 confocal microscope. At 24 hours after siRNA application, cells were removed from 24-well dishes with trypsin and seeded onto 25-mm coverslips for an additional 24 hours. Cells were incubated in serumfree DMEM for 30 minutes, and then incubated for 60 minutes with media containing 2 g/ml A568-Tfn. Prior to imaging, cells were chased with 200 mcg/ml holo-Tfn. Images were acquired every 2 minutes. Time series were analysed by encircling the perinuclear transferrin signal in individual cells at each time point and normalizing the fluorescent results for each cell with its baseline perinuclear signal.
Tfn recycling in MTMR4 knockdown cells was also determined using biotin-Tfn (10 g/ml). Cells were incubated in serum-free DMEM for 30 minutes, and then incubated for 60 minutes with media containing biotin-Tfn, followed by wash and chase with holo-Tfn as above. Cells from each time point were collected and lysed in sample buffer for SDS-PAGE and transferred to nitrocellulose membranes. Blots were incubated for 30 minutes with avidin/horse radish peroxidise (ABC elite Vector Laboratories, Burlingame, CA), according to the manufacturer's instructions. The intensity of each biotin-Tfn-positive band was measured using ImageJ. Protein loading was controlled for by detection of -tubulin. Data were represented as the fraction of retained Tfn. The zero-minute chase was set at 1.0.
Cholera toxin uptake assays
Fluorescent cholera toxin (FITC-Ctx) assays were a modification of experiments previously described (Bujny et al., 2007; Mesa et al., 2005) . COS1 cells were transfected with HA-MTMR4 or HA-vector for 24 hours, pre-chilled at 4°C for 10 minutes, and then incubated for 30 minutes in uptake medium (serum-free DMEM, 0.5% BSA, 20 mM HEPES pH 7.2) containing 2 g/ml FITC-Ctx at 4°C. Cells were washed, incubated in uptake medium at 37°C, fixed at the indicated times and immunostained with anti-HA antibodies.
Statistical differences were calculated using two way Student's t-test for paired or unpaired data where indicated. All statistical analysis used GraphPad prism (v5.01 GraphPad Software).
